Bacteria using dichloromethane as the carbon and energy source have been shown to occur in sewage sludge (10) or in soil exposed to this xenobiotic for extended periods of time (17, 21) . Pure cultures of dichloromethane-degrading bacteria were isolated from such habitats and identified as facultative methylotrophs of the genera Pseudomonas (3, 12) and Hyphomicrobium (22) . To grow on .dichloromethane these organisms thus must be able to convert dichloromethane into formaldehyde and inorganic chloride. An inducible enzyme catalyzing this conversion in a glutathione-dependent reaction indeed was demonstrated in crude extracts of Hyphomicrobium sp. strain DM2 (22) . By analogy with the glutathione-dependent metabolism of dichloromethane in rat liver cytosol (1) , the formation of formaldehyde was thought to proceed through the following intermediates.
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HCI HCI GSH and GS represeht free and bound glutathione, respectively. In this sequence of reactions an S-chloromethyl glutathione conjugate is formed enzymatically which is assumed to undergo nonenzymatic hydrolysis to yield Shydroxymethyl glutathione. Decomposition of the latter compound then leads to formaldehyde and to the regeneration of reduced glutathione. Evidence that dichloromethane dehalogenation in Hyphomicrobium sp. strain DM2 proceeds by this mechanism is based on the stoichiometry of the reaction in crude extracts (22) and on the fact that the protons of dichloromethane were conserved in formaldehyde (6) . Bacterial dehalogenases acting on 2-haloalkanoic acids were extensively studied (16) . They are not dependent on glutathione but catalyze the direct displacement of halogen with a hydroxyl group from water. In the case of dichloromethane dehalogenase from Hyphomicrobium sp. strain DM2, however, nucleophilic substitution is initiated by glutathione. This enzyme, whose properties are described in the present paper, is the first haloalkane dehalogenase of bacterial origin. * Enzyme assays. Dichloromethane dehalogenase activities were determined by chemically or enzymatically assaying the rate of formnaldehyde production. The enzyme assay based on the chemnical determination of formaldehyde was a slight modification of the method described by Stucki et al. (22) . The standard incubation mixture contained in a total volume of 2.0 ml 100 mM Tris-sulfate (pH 8.0), 5 mM reduced glutathione, 200 ,ug of pure dichloromethane dehalogenase or an adequate amount of a crude preparation per ml, and 5 mM dichloromethane to start the reaction. Wheaton tubes of 4.0 ml (total volume) closed with Teflon-lined screw caps to prevent volatilization of dichloromethane were used for incubating the mixture at 30°C. After 5 and 15 min of incubation samples were taken for assaying formaldehyde by the 2,4-pentanedione method as previously described (22) . Enzyme activities were calculated from the formaldehyde production rate between 5 (18) . After a lag time of 1 min the formation of NADH in the coupled assay proceeded linearly.
Determination of dichloromethane dehalogenase activity in a given preparation by the two assay methods described above led to identical results. However, the two methods differed with respect to their sensitivity. The limit of detection for formaldehyde, the product of the enzyme reaction, was 50 nM in the chemical assay and 1 nM in the coupled assay.
The amount of catalytic activity in enzyme preparations is expressed in kat, 1 (11) with separating gels with 10% acrylamide, 0.1% SDS, and Tris buffers or by the method of Weber and Osborn (24) with 5% acrylamide gels, 0.1% SDS, and sodium phosphate buffers. Dichloromethane dehalogenase and reference proteins were denatured by incubation at 95°C for 3 min in a solution containing 1.0% (wt/vol) SDS and 1.0% (vol/vol) 2-mercaptoethanol. Gels were stained for protein with Serva blue G and destained by diffusion.
For estimating the molecular weight (MW) of the dehalogenase subunit, the pure enzyme and suitable standard proteins (20 ,ug each) were electrophoresed as described above. The mobility of the bands was calculated relative to the tracking dye bromophenol blue.
The MW of the pure enzyme under native conditions was as the only carbon and energy source was purified fivefold with 60% yield (Table 1) . DEAE-cellulose chromatography, the first chromatographic step in the purification procedure, resulted in a clear separation of the enzyme from most of the other cellular proteins. Since the enzyrme was unstable in Tris buffers of low molarity but retained its activity in high-ionic-strength phosphate buffers, hydrophobic column chromatography was chosen as the next purification step. Adsorption of the enzyme to N-butyl-Sepharose was incomplete, whereas the strong interaction of the protein with N-hexyl-Sepharose hindered its elution by aqueous buffer solutions. N-Pentyl-Sepharose, however, exhibited suitable properties. Adsorption of dichloromethane dehalogenase to this matrix occurred in 1 M potassium phosphate, and the enzyme was desorbed completely by elution of the column with a 0.1 M solution of the same buffer. After a final step of hydroxylapatite chromatography a purified protein preparation was obtained which still contained minor contaminants (Fig. 1) . Since the proportion of thes-e impurities increased upon storage, they probably were degradation products of the dichloromethane dehalogenase. Precipitation of the putative degradation products in (NH4)2SO4 of 55% saturation led to an electrophoretically homogeneous preparation of dichloromethane dehalogenase that was judged to be more than 98% pure (Fig. 1) . To confirm that the dehalogenase activity of the purified preparation was due to the protein giving a single band in SDS-PAGE and not to a minor contaminant, the following experiment was carried out. Purified enzyme was electrophoresed under nondenaturing conditions and stained for dehalogenase activity by the activity staining procedure described by Hardman and Slater (8) . The stained gel segment was cut out, treated with 1.0% (wt/vol) SDS-1.0% (vol/vol) 2-mercaptoethanol, inserted into the slot of a second slab gel, and electrophoresed under denaturing conditions. Staining for protein gave a single band whose mobility was identical to the pure enzyme subjected directly to SDS-PAGE. The pure enzyme was stored at a concentration of 4 mg/ml in 0.1 M potassium phosphate (pH 7.5)-2.5 mM DTT-0.1 mM EDTA-25% (vol/vol) glycerol at -20'C. Under these conditions it retained full activity for at least 6 months. Within 6 days of storage at room temperature the preparation had lost 50% of its initial activity.
Since it was possible to obtain a homogeneous dehalogenase preparation by a fivefold enrichment in a purification procedure reducing the total smount of protein by a factor of 8.3, the enzyme must represent between 12 and 20% of the total soluble protein of dichloromethane-grown cells. The electrophoretic pattern obtained by SDS-PAGE of a crude extract of such cells indeed illustrates that the most prominent band is due to dichloromethane dehalogenase (Fig. 1) . From a comparison of this pattern with the pattern of methanol-grown cells (Fig. 1) it is also evident that dichlo- romethane dehalogenase is the only protein that is highly induced during growth on the xenobiotic substrate.
Molecular characteristics of the purified enzyme. The MW of the pure enzyme under native conditions was determined at 195,000 ± 10,000 by gel filtration on Sephadex G-200.
SDS-PAGE of purified dichloromethane dehalogenase gave a single band with an estimated MW of 33,000 ± 1,000, thus suggesting a hexameric tertiary structure of the enzyme. The subunits of the pure enzyme under native conditions were cross-linked to a limited extent by the bifunctional reagent dimethyl suberimidate. SDS treatment of such a preparation and subsequent separation of its components by SDS-PAGE led to the appearance of six bands (Fig. 2) . Their MWs corresponded to the MWs of the different oligomers of dichloromethane dehalogenase (monomer to hexamer). This result thus confirmed that dichloromethane dehalogenase is a hexamer composed of identical subunits.
Kinetic properties and substrate specificity. The Michaelis constants for the four dihalomethanes (Table 2) were determined with purified enzyme by the coupled enzyme assay. Saturation curves for the dihalomethanes and for glutathione were hyperbolic. The linearization method of Hanes (7) was used to calculate apparent Km and Vmax values. To reach half-maximal velocity the enzyme required a concentration of glutathione that was about 10 times higher than the concentration of dichloromethane. When substrate inhibition by dichloromethane was investigated it was found that the enzyme was slightly inhibited at dichloromethane concentrations exceeding 5 mM. At 50 mM dichloromethane the enzyme still exhibited an activity corresponding to 70% of Vmax.
A distinct activity optimum of the purified enzyme at pH 8.5 was found. It was determined with the assay conditions and buffers described by Stucki et al. (22) . These authors determined an activity optimum of dichloromethane dehalogenase at pH 8.0 in crude extracts of the same organism. In accordance with their observations on crude enzyme preparations glutathione could not be substituted as a cofactor of the pure enzyme by other sulfhydryl agents such as 2-mercaptoethanol, DTT, or cysteine.
Testing halogenated aliphatic hydrocarbons other than dihalomethanes as substrates of the pure enzyme met with experimental difficulties. Assays based on conventional determinations of liberated halide ions were not sensitive enough; tests based on substrate disappearance also were not sensitive enough. Solutions (2 mM) of a number of potential substrates therefore were incubated for 50 h under standard conditions with pure enzyme and subsequently assayed for the presence of free chloride by X-ray fluorescence'spectrometry. The substances tested were 1,1-dichloroethane, 1,2-dichloroethane, 1,1,1-trichloroethane, 1,1,2 trichloroethane, tetrachloroethane, 1,1-dichloroethene, trichloroethene, tetrachloroethene, 1-chloropropane, and chlorobenzene. 1,2-Dichloroethane was the only compound that was dehalogenated by pure dichloromethane dehalogenase. The reaction rate of the enzyme with this substrate, however, was approximately 1,000 times lower than the reaction rate with dichloromethane.
Competitive inhibition by substrate analogs. The inhibitory action of a number of chlorinated aliphatic compounds on the dehalogenation of dichloromethane was investigated. Table 3 lists those compounds that exhibited an inhibitory effect. Inhibition by these chemicals was reversible since removal of the inhibitors by gel filtration led to restoration of the initial specific activity of the enzyme. It appears that biterminally monochlorinated alkanes were the most potent inhibitors, followed by the monoterminally monosubstituted chloroalkanes. The extent of inhibition decreased as the chain length of the putative substrate analogs increased. Compounds without an inhibitory effect were trichloromethane, tetrachloromethane, 1,2,2,2-tetrachloroethane, 1,1-dichloroethene, trichloroethene, and tetrachloroethene.
A strong and a moderate inhibitor, 1,2-dichloroethane and (16) . Dichloromethane dehalogenase thus differs in its structure from the known dehalogenases and exhibits novel catalytic properties in that it represents the first enzyme acting on haloalkanes. 
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The reaction mechanism of dichloromethane dehalogenase is similar to the reaction mechanism of glutathione S-transferases. In higher organisms these enzymes play an important role in detoxifying xenobiotic compounds. They catalyze the nucleophilic attack on electrophiles to produce thioether derivatives referred to as glutathione conjugates (9) . Recently, several bacterial glutathione S-transferases of unknown function were detected in crude extracts on the basis of their activity towards 1-chloro-2,4-dinitrobenzene (13, 15, 20, 23) . Although this compound is reported to be a substrate for all glutathione S-transferases that have been purified so far (9), purified dichloromethane dehalogenase did not react with 1-chloro-2,4-dinitrobenzene (D. KohlerStaub, unpublished data). Quite in contrast to the wide substrate spectrum of the glutathione S-transferases from mammalian sources, effective dehalogenation by dichloromethane dehalogenase was restricted to dihalomethanes with a faint activity towards 1,2-dichloroethane. Since none of the bacterial glutathione S-transferases have been purified so far, their molecular structure and substrate range cannot be compared to the properties of dichloromethane dehalogenase from Hyphomicrobium sp. strain DM2. Evidence for or against an evolutionary relationship between this enzyme and the bacterial glutathione S-transferases thus is not available.
